a b s t r a c t
The present study investigated the neural correlates of working memory maintenance for real objects in contrast to their verbal designations. For this purpose we employed a delayed match-to-sample task using functional magnetic resonance imaging. The conjunction of load effects for objects and for words revealed a common bilateral network with main foci in the ventrolateral prefrontal cortex and the intraparietal sulcus. Load effect for objects in comparison to load effect for words revealed stronger activation of bilateral precuneus, which suggests the use of mental imagery of objects and object features. The opposite comparison load words versus load objects showed premotor and auditory areas to be activated in association with phonological rehearsal. The bilateral common activation indicates overlapping codes for real-world objects and their verbal designations. Importantly, there is also a dissociation between maintenance of words and objects, which indicates that phonological rehearsal and mental imagery are employed to different degrees.
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Working memory is the capacity to maintain information over short periods of time and to perform manipulations on this information [1] . Concepts of working memory delineate subsystems for different types of information and the separation of neural systems subserving maintenance of different types of information is a matter of intense discussion [26, 32] . The dissociation between verbal and spatial information has received some support, while the neural mechanisms underlying maintenance of objects are still controversial and might be strongly influenced by the type of object to be remembered [17, 25, 27] . In this context, it is surprising that the maintenance of real-world objects in working memory has received little attention in the literature with the exception of faces and buildings as special cases. This limited interest in real-world objects in neuroimaging research may be based on the idea that nameable objects are to a large extent verbalized and maintained through phonological rehearsal. This concept originates from the behavioural literature, which showed similar effects of verbal interference and phonological similarity for real objects and for words [28] . A consequence is the widespread use of abstract "nonverbalizable" shapes in neuroimaging, which are expected to dissociate object-specific working memory more clearly [20, 33] . More recently, it has been shown that even the representation of putatively "nonverbalizable" shapes incorporates a verbal code [23] . These findings can be accounted for with dual or multiattribute codes for working memory, which can be shown for nameable objects but also for concrete words [21, 22] . In these accounts phonological rehearsal and mental imagery of objects are thought to be key processes subserving dual coding.
Neuroimaging studies of object working memory have yielded a complex pattern of findings. There is little consistent evidence that regions of the prefrontal cortex specifically support the maintenance of objects in working memory [20, 32] . In posterior brain regions activation of inferotemporal cortex has been found, when working memory of specific categories of objects (e.g. faces, houses) was addressed [25] . These regions are thought to support the storage of object information as opposed to the top-down control by the prefrontal cortex. In addition to these ventral stream regions, the parietal cortex, particularly the intraparietal sulcus, has also been proposed as a store for object information [33] . However, based on activation in a variety of working memory tasks others have conceptualized this brain region as subserving a supramodal function [16] . The separation of dual codes for object maintenance on a neural level has received limited attention and has not been applied to real objects. In an important study Rämä and colleagues have provided evidence for dual coding in a functional magnetic reso-nance imaging (fMRI) experiment, which required maintenance of famous faces and names [24] . Although mental imagery can putatively maintain visual codes in working memory, relatively few studies have explicitly addressed this issue [26] .
A direct comparison of diverse easily nameable real objects with their verbal designations has only been performed in two previous functional magnetic resonance imaging (fMRI) studies [14, 31] . Hautzel and colleagues found no difference in prefrontal or posterior brain regions in a blocked n-back task [14] . Suchan and colleagues performed an event-related analysis with a focus on the transformation between modalities [31] . They found activation of the superior temporal cortex during transformation from visual to phonological information, but not vice versa. This could be taken as evidence for a common phonological coding, which is however encouraged by their serial presentation of mixed auditory and visual trials. Both of these studies have used n-back tasks that do not allow the separation of maintenance from encoding and retrieval. In addition, n-back tasks require additional control processes, specifically updating of content. No previous study has specifically compared the maintenance of real objects with their verbal designations.
The goal of the present study was to define common and specific processes during the maintenance of real objects and their verbal designations in a delayed match-to-sample task. In earlier studies employing blocked designs an effect of memory load has been proposed to define working memory networks in positron emission tomography as well as fMRI studies [20, 29] . In event-related fMRI studies activation in key regions for object working memory has also been shown to increase parametrically with load, a strategy which also helps to avoid the potential ambiguity that might arise in comparisons with unspecific baseline conditions [7, 13] . Thus, in the present study we focus on load effects to define the brain regions subserving working memory maintenance. For this purpose we employ an easy low load condition as comparison.
The study was approved by the University Hospital Heidelberg ethics committee and conducted in accordance with the Declaration of Helsinki. All subjects gave written informed consent after the procedure had been fully explained. 20 healthy subjects were recruited from university students and staff. fMRI data from one subject contained excessive motion, which left 19 subjects (average age 28.5 years, range 22-34 years, 9 female) for the final analysis.
Stimuli were presented using the software "Presentation" through a high-resolution back projection system. We used a delayed match-to-sample task (see Fig. 1 ) consisting of encoding, delay and retrieval phases. The slow event-related design employed has been shown to allow separation of delay/maintenance from other trial phases [6] . A 2 × 2 factorial design with the factors load (3 or 5 stimuli) and stimulus type (picture or word) was used. During encoding either 3 or 5 stimuli were presented simultaneously. Picture stimuli were 32 real objects selected from the larger set of line drawings by Snodgrass and Vanderwart [30] . Verbal stimuli were German one or two syllable words corresponding to the objects used in the picture condition. Subjects were instructed to verbally rehearse word stimuli during the delay phase without using overt speech, while they should remember the picture stimuli visually. During retrieval one stimulus was presented in the center of the screen and subjects had to indicate by button-press whether the stimulus had been presented during encoding. Each trial was followed by a 15 s inter-trial interval. Overall, subjects performed two picture and two word runs resulting in twenty trials for each condition of the factorial design. Stimulus type was not mixed in order to avoid carryover effects of strategies employed. Each of the four runs had a duration of 12 min.
After the experiment subjects were asked to rate the extent to which they had used verbal rehearsal on a visual analog scale. This resulted in a score from 0 (no verbal rehearsal) to 100 (verbal rehearsal only) for each type of stimulus (word and object). Degree of verbalization was compared between stimulus types using a paired t-test. Percentage of correct responses was entered into a 2-way repeated-measures ANOVA with difficulty (3 versus 5 stimuli) and stimulus type (word versus picture). Post hoc tests were performed according to Scheffé.
Images were acquired with a Siemens Trio 3 Tesla scanner equipped with a standard single-channel head coil. We used a rapid echo-planar imaging sequence covering the whole brain with the following parameters: TR 2 s, TE 30 ms, Flip Angle 80 • , 33 slices, transverse orientation, slice thickness 4 mm, in-plane resolution 3.4 mm × 3.4 mm. In addition a high-resolution sagittal T1 weighted 3-dimensional data set was acquired with the following parameters: 176 slices, voxel size 1 mm × 1 mm × 1 mm, TR 11 ms, TE 4.92 ms, 15 • flip angle.
Data analysis was performed with SPM2 (FIL, London, http://www.fil.ion.ucl.ac.uk/spm/) implemented in MATLAB 7 (Mathworks, Sherborn). Functional images were slice time corrected, realigned and unwarped. Images were normalized to the MNI template with a final voxel size of 2 mm × 2 mm × 2 mm. Functional images were spatially smoothed with a kernel of 10 mm FWHM. A general linear model was fitted to the single-subject data that included 5 regressors for each trial (see Fig. 1 ) that were modelled as boxcar functions convolved with the canonical hemodynamic response function. For contrast estimation only the middle and late delay regressors were used in order to avoid confounding delay as our phase of interest and encoding. T-contrasts were calculated for the load effects for words (5 words versus 3 words) and for pictures (5 pictures versus 3 pictures). For group analysis these single-subject contrast images were entered into a hierarchical model equivalent to a random-effects model as implemented in SPM2. Differences between load pictures and load words were assessed through a paired t-test. In order to identify common activation between load pictures and load words we performed a conjunction analysis based on the conjunction null hypothesis. Since we aimed at sensitivity for spatially extended activation while controlling for multiple comparisons, we report results significant at a family-wise error corrected cluster-level threshold of p < 0.05 Fig. 1 . Trial structure of the experiment shown for a trial of objects with load 3. Each trial consists of encoding, delay and retrieval phases followed by a 15 s inter-trial interval. For statistical analysis the delay period was broken down in early, middle and late delay phases. Only regressors for middle and late delay (shaded in grey) were entered into contrasts. 
MNI coordinates (x, y, z), t-value of the peak voxel within a cluster and cluster size. In addition, Brodmann areas (BA) with the largest overlap with the cluster are given. (cluster defining threshold p < 0.001 uncorrected) [10] . It has to be kept in mind that this approach allows only inference about clusters but not individual voxels within a cluster.
Overall, subjects performed well with more than 90% correct responses. The ANOVA with correctness as dependent variable showed a main effect of difficulty with less correct responses in the load 5 than in the load 3 conditions (F(1,18) = 9.45, p = 0.007). Another main effect was found for stimulus type with less correct responses for pictures than for words (F(1,18) = 8.31, p = 0.01). The interaction effect stimulus type × difficulty was also significant (F(1,18) = 8.5, p = 0.009). Post hoc tests showed that subjects performed better in the 3-object than in the 5-object condition (98.2 ± 2.9% versus 93.2 ± 4.7%, p < 0.01), while there was no significant difference between the 3 word and the 5 word condition (98.4 ± 2.9% versus 97.6 ± 4.5%, p > 0.5). As expected the degree of verbalization was significantly higher in the word than in the picture condition (93.4 ± 6.6 versus 93.4 ± 6.6, t = 14.4, p < 0.001).
All fMRI results are summarized in Table 1 and Fig. 2 . The conjunction analysis revealed a common bilateral fronto-parietal network centered around the ventrolateral prefrontal cortex and intraparietal sulcus. Additional common activation was observed in the bilateral cerebellum, right premotor cortex, left insula and supplementary motor area. The critical interaction tests showed that the load effect for pictures was larger than the load effect for words in the bilateral precuneus. In contrast, the interaction load word versus load picture showed foci in left precentral gyrus as well as left and right superior temporal gyrus. In order to further explore the functional significance of the picture specific region in the precuneus, we correlated mean percent signal change in this region with error rate and selfreported degree of verbalization. Mean percent signal change was extracted using Marsbar (marsbar.sourceforge.net) and entered into non-parametric correlations using Spearman's rho. There was no significant correlation between precuneus signal change and error rate (rho = 0.07, p = 0.76). In contrast, we found a negative trend-level correlation between precuneus signal change and degree of verbalization (rho = −0.4, p = 0.08), i.e. the more subjects used a verbal strategy the lower activation in the precuneus.
The main findings of the present study indicate a common fronto-parietal network for maintenance of real objects and their verbal designations. However, we observed a dissociation between working memory maintenance of objects through visual strategies and maintenance of their verbal designations through phonological rehearsal. The load effect for pictures was predominant in bilateral precuneus, while the load effect for words was stronger in left premotor cortex and bilateral superior temporal gyrus.
Our results indicate a large overlap between modalities with major foci in the bilateral inferior frontal gyrus and intraparietal sulcus broadly consistent with previous studies of working memory maintenance [32] . Within this common network we found little evidence for left lateralization, which is often but not always observed in verbal working memory tasks. While the self-reports show that verbal coding was also used to some extent in the picture condition, the pattern of results might be better explained by the use of partially overlapping codes in both conditions. Even though phonological rehearsal is a dominant strategy in the word condition, behavioural and imaging data have cast doubt on a single code for verbal working memory [8, 22] . Interestingly, studies employing concrete (i.e. imageable) words in contrast to letters or pseudowords have more often reported a bilateral activation pattern [5, 19] . In addition, processing of abstract words in lexical decision tasks is left-lateralized, while processing of concrete words is distributed bilaterally [2] . Therefore, we suggest that the observed bilateral activation of a fronto-parietal network fits well with a dual or multiattribute coding account, which employs a phonological code but also mental images of objects. Consistent with our findings Rämä and colleagues found largely overlapping activations particularly in frontal regions when remembering famous faces and names, which are both likely to encourage a dual visual-verbal code [24] .
The critical interaction comparing the load effect for pictures with the load effect for words yielded a single cluster of activation in the bilateral precuneus. In addition, subjects who reported a stronger visualization strategy showed a trend towards a higher precuneus activation in the high load picture condition. These results suggest a critical role for this brain region when real objects have to be maintained that differentiates the strategy used by our subjects from pure phonological rehearsal. The precuneus has been strongly linked to mental imagery, which has been proposed as a key strategy in visual working memory [4, 26] . This brain region has been shown to be strongly involved in memory tasks, when the use of mental imagery is encouraged by the stimuli and task demands [9] or when imagery leads to false remembering [12] . In mental imagery of objects the precuneus is more strongly related to a general level of abstraction [11] . This would also be expected in our task where all objects belong to a clearly separate type, for example there is only one car in the set and a differentiation between cars is not necessary. Furthermore, the precuneus subserves shifts between object features [18] . Therefore, one plausible model of precuneus function during working memory maintenance would be a role in the visual imagery of objects, which would also require switching between imagined objects or object features.
An alternative explanation arises from the slightly higher difficulty in the high load picture condition and would ascribe the precuneus activation to an effect of task difficulty. Despite a good overall performance of our subjects, a potential confounding effect of task difficulty is a limitation of the present study as the load interaction effects might not be solely driven by modality. However, although exploratory, the correlational analyses provide some indication that the observed precuneus activation cannot be reduced to unspecific effects of difficulty. There was no correlation between precuneus activation and task performance in the high load picture condition. In contrast we observed a trend-level increase with lower degree of verbalization in the picture conditions. In addition, the precuneus is not a brain region typically associated with increasing task difficulty and has been conceived as part of the default-mode network most active during resting states [13] . In contrast, prefrontal and other parietal brain regions typically associated with increasing task difficulty in working memory tasks did not show a specific load effect for pictures [20] . Therefore, we conclude that the observed precuneus activation cannot solely be explained in terms of task difficulty, but reflects partially different processes during maintenance.
The present findings seem to contradict the observation of stronger precuneus activation in the comparison between famous names and famous faces in the study by Rama et al. [24] . However, the region showing this effect was more anterior compared to the present study. More posterior precuneus activation comparable to our study was observed in both the famous face and the famous name conditions. This indicates that the precuneus is functionally heterogeneous also with respect to working memory.
It is of note that temporal cortex activation was neither observed in the conjunction analysis nor specific to the load effect for objects. Studies using specific categories of stimuli (e.g. faces, houses) have been shown to activate object-specific areas during maintenance, specifically the inferotemporal fusiform face area and the mediotemporal posterior place area [25] . The lack of detectable temporal activation in the present study can probably be attributed to the heterogeneous set of objects used. Since imagery leads to strongly content related localization within the temporal cortex [15] , the heterogeneous objects in the present study are likely to lead to dispersed activation below the sensitivity of the fMRI methods employed.
The opposite contrast comparing the load effect for words with the load effect for pictures showed significant activation foci in the premotor part of left precentral gyrus and bilateral superior temporal gyrus. These regions have consistently been activated in verbal working memory studies encouraging verbal rehearsal [3, 5] . In contrast, other classical regions associated with verbal rehearsal -Broca's area and left posterior parietal cortex -were not found to be specifically activated during maintenance of words [29] . Thus, the higher degree of phonological rehearsal in the word condition is only reflected in premotor and auditory cortex.
We conclude that the large overlap between brain areas subserving maintenance of real objects and their verbal designations indicates overlapping codes that involve phonological but also visual information. Importantly, the present findings suggest a dissociation in critical brain regions that reflects the degree to which different processes are involved. Maintenance of objects recruits the precuneus more strongly than maintenance of words, which we propose to reflect a stronger use of mental imagery of objects and object features. Maintenance of the respective verbal designations relies more strongly on premotor and auditory areas involved in phonological rehearsal. These results warrant further investigation of different codes employed in the maintenance of objects and words, particularly the role of mental imagery.
